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Abstract: In the exploration of steel corrosion mechanisms pertinent to steam power generation,
LiOH has been investigated as an alkalizing agent to form protective oxide films on boiler walls. Steel
capsules treated in three different ways, (a) with H:O, (b) with 1.5% LiOH solution, and (c) with LiOH/
EDTA (pH 11) ar 316°C, formed films which, in the initial stages of development, were shown to be
FesO. However, the crystallite size, the degree of orientation, and the film uniformity and continuity,
determined by electron microscopy and diffraction, varied with the method and length of treatment.
The film formed by distilled water showed small (1000 to 2000 A), oriented crystals with sharply de-
lineated areas of growth. When the LiOH solution was used in the treatn.ent, lurger crystals were
formed, but flaws were still noticeable after 24 hours. With the LIOH/EDTA solution, the growth of
the crystals was very rapid, forming a thick, coherent film on the metal, which should offer excellent

protection against corrosion.,

INTRODUCTION

In the course of exploraiion of steel corrosion
mechanisms pertinent to steam power generation,
attention has recently been given to LiOH as an
alkalizing medium for treatment of steel at
elevated temperatures (1,2). LiOH cannot be
simply substituted for NaOH in the conventional
Navy low-phosphate treatment for boiler water
primarily because of deposition of LisPO4 on the
boiler walls (3). Investigations have been under-
taken to evaluate LiOH boiler water treatments
where an organic chelating agent, ethylenedi-
aminetetraacetic acid (EDTA), is used instead of
phosphate to prevent hard scale formation by the
alkaline earth ions which are always present in
sea water distillate. Preliminary studies in cap-
sule systems at this laboratory and in model
boilers at the Marine Engineering Laboratory have
indicated that this type of treatment is preferable
from the standpoint of prevention of boiler wall
corrosion to the low-phosphate control treatment
presently being used by the Navy (3). In the same

NRL. Problem (105-22; Project RR 001-01-43-4758, This is an interim
report on one phase of the problem; work is continuing on the problem.
Manuscript submitted May 24, 1966,

series of tests, LiIOH was found to be superior to
NaOH in corrosion inhibition when these alkalies
are used independently in solution with no other
additives.

In connection with further studies of corrosion
mechanisms in these systems, the techniques of
electron microscopy and electron diffraction are
being utilized as an aid in the analysis of the
structure and of the growth processes of protective
films. These techniques have been used to examine
the initial processes of oxide film formation in
H:0, 1.5% LiOH solution, and LiOH/EDTA
solution at 316°C (conditions related to boiler
operation) to ascertain whether the morphology
and/or composition of the surface oxide differed
systematically with the treatments and whether
such differences, if found, could be correlated with
the relative degrees of corrosion inhibition pre-
viously observed for these additive systems.

EXPERIMENTAL TECHNIQUES
AND EQUIPMENT

Three test solutions, prepared from distilled
water and reagent grade chemicals, were used in
these experiments: (a) distilled water only,
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(b) 1.5% (by weight) LiOH solution, and (¢) pH 11
LiOH solution containing 100 ppm EDTA. This
last solution was prepared by adding 100 ppm of
ethylenediaminetetraacetic acid, neutralizing with
LiOH. and then adding sufficient excess LiOH to
bring the solution to pH 11.

The oxide films were prepared in a manner
previously described (4). Capsules for this in-
vestigation were made from cold drawn mild steel
tubing having an outside diameter of 0.250 inch
and a wall thickness of 0.020 inch. The tubing
sections were degreased in trichloroethylene
vapor, hydrogen annealed at 875°C for one hour
and cooled in the hydrogen atmosphere, then
vacuum annealed at 875°C for one hour and
cooled in the furnace. They were then quickly
removed and placed in closed containers in a
desiccator containing anhydrous calcium sulfate
for storage until time of usage. Specimen samples
were prepared by drawing the solution to be
evaluated up into the sections of annealed tubing,
which were then pressure sealed into capsules in
such a way that no air was trapped within the
individual capsule. (The oxygen content of the
solutions was less than 8 ppm.) The cnds of the
capsules were subsequently spot-welded as an
additiona! precaution against leakage. Heat
treatment was effected by placing the capsules
in a stainless steel beaker which was introduced
into a mechanical convection oven maintained at
316 = 2°C. It was estimated that the capsules
came to temperature in less than 5 minutes. To
secure oxide films in various states of develop-
ment, a standardized heating exposure program
was adopted in which specimens were taken at
the following six time intervals: overnight at room
temperature, and ¢ crught at room temperature
plus 5 minutes, 15 minutes, 30 minutes, 2 hours,
and 24 hours at 316°C. A few speamens were
also taken at other heating intervals. After a
given exposure, the capsule was withdrawn from
the furnace and cooled o room temperature.
It was then opened, drained of test solution,
and rinsed well in reagent grade methanol.
Dited capsules were stored in a vacuum desiccator
untl they could be examined.

The iron oxide films were then stripped from
the base metal in an iodine/methanol solution (5)
with concentration 0.1 g odinescc methanol.
A supporting laver ot carbon had to be evaporated
on the very thin oxide films formed with 30

minutes or less heating to obtain satisfactory
separation. The stripping process was carried out
overnight in a vacuum desiccator and, to insure
that the solution and vessel were freed of air, the
pressure in the desiccator was reduced and the
methanol solution “boiled” several minutes just
before and after specimens were inserted. The
stripped films were washed in methanol, and
mounted on 200 mesh molybdenum grids. Buob,
Beck, and Cohen (6) have concluded that an oxide
film separated by the iodine/methanol technique
is not altered if the process is done carefully.
No apparent change in the oxide film which could
be attributed to oxidation was detected in our
experiments,

In the electron diffraction analysis, two modes of
diffraction were employed —high resolution dif-
fraction and selected area diffraction, both at
100 kV. In high resolution diffraction, the elec-
tron microscope serves only to impinge 4 beam
of electrons on the specimen with the diffracted
rays traveling on to the photographic plate with-
out auxiliary magnification by magnetic lenses.
Therefore, no lens error intrudes, and the dif-
fraction pattern is inherently more accurate. In
selected area diffraction, the mstrument functions
as a microscope and the diffraction pattern from
a selected area of the specimen image is obtained
bv changing the settings of the lenses. More
pertinent to this discussion is that the area con-
tributing to the diffraction pattern is much larger
in high resolution diffraction than in selected area
diffracion. Oxide film specimens which give
polverystalline  patterns by regular  diffraction
frequently have areas of short range crystal
ordering which give predominantly single crystal
patterns by selected area diffraction. The se-
lecied area mode of diffracion will be so de-
signated, while the term diffracton will be used
to mean high resc'ution diffraction.

IRON OXIDE FILMS FORMED
IN H,O AT 316°C

The oxide lavers formed on the capsule walls
under this environment are inmhomogencous o
the eve, espeaally those heated for short periods
of time, and they remain inhomogenecous when
viewed in the eledron microscope. It a number
ot sp:~amens are surveved, however, the arutacts
and inhomogeneitics become recognizable, and
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certain trends in the mode of oxide formation are
soon apparent. Representative views of the oxide
found on iron exposed to water at 316°C tem-
perature for increasing lengths of time are shown
in Fig. 1. The oxide film in Fig. 1(a), where the
exposure was only overnight at room temperature,
is very thin as evidenced by the low contrast of
the micrograph; yet even here the oxide growth
is far from homogencous. The stripped oxide
laver from a “blank,” i.e, a section of tubing that
had not been treated with water or heat, is very
similar to this one, mdicating that little reaction
has taken place during the overnight equilibrating
period. The diffraction pattern from a film such
as this o2 semiamorphous, but often contains faimt
lines that can be indexed on the spinel structure
of magnetite (Fes(y) which would be expected
to form under these conditions.

In Fig. I(b) the capsule had been subjected to
15 minutes heating in the 316°C furnace sub-
sequent o standing overnight. With this treat-
ment the previoushy amorphous or semiamor-
phous oxide film bas become  predoniinmtly
crvstalline with crvstallites in the range 200 1o
1000 A readily visible. The transnussion diffrac-
ton pattern is now composed ot discrete spinel
rings: but selected area difivaction often yields
patterns consisting of single crvstalline arravs of
spots, which indicate short range order in the hlm.
There is indication that these crvaialhites form
both within and on top ot the original film. As
can be seenan Fig. Kby, what ac first appear 1o be
noles i the flm occur relatively frequently when
examined at high magnificoton. However, these
holes show crvstallographic skapes and an under-
Wing base film in which soil other crystallites
that
probably sites from which a crvstadlite has been

can be discerned,  indicating these are
somehow dislodged. In no instnce was a hole
of thin tvpe found 10 go completely through
the oxide filim,

1), where the

capsuale was 30 minmutes in the furnace, and n

Farther heating, as in Fig,
Fig. 1ady, whoie the heatmmg time was 2 hours,
prodaces veny distinct crvseais TG 1o 1500 A
i diameter with irregalar shapes which sometimes
approach hevagonahtv, The growth areas of these
overhang cnstals are often well delineated. The
reason for this has not been established, but Feld
and Holmes (7) who have studied the growth of

magnette on pure nonan highaemperastare (250
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and 316°C) water have observed the same
phenomenon and associated it with the presence
of grain boundaries in the base metal. The 2-how
specimens frequently exhibited “nucleation sites”
(as indicated by wie arrow in Fig. 1(d)) which
were not apparent in oxide films generated by
shorter or longer periods of hcating. The ten-
dency with increased heating is to increase the
area of the hlm surface covered by the overlying
crystals; however, even after 24 hours at 316°C,
although the film was obviously thicker, coverage
was not complete, and “thin” local areas as in
Fig. 1(d) could still be found. During these ex-
tended periods of heating the maximum size
of the individual crystal remains relatively
smail with few crystallites exceeding 2000 A
in diameter. All diffraction patterns from these
thicker films showsd only spinel, presumably
FeaO)y, rings.

The aathors (7) quoted above have published
clectron micrographs which show pores as large
as 300 A between impinging magnetite grains.
From this and other evidence they have con-
cluded that the inner laver of magnetite in their
two-laver oxide films is probably porous wad that
this porosity represents a possible means of access
tor oxvgen to the base metal. With this in mind,
the magnetite hlms prepared in these experiments
were exannned at high magnification for the
presence of pores. In a 15-minute specimen, Fig.
2, spaces between the individual crystals are quite
apparent, but there appears to be a coherent
oxide laver underlving these spaces such that the
bare metal would be protected. A boundary to the
growth area of overlving magnetite crstals for a
2-hour oxide hlm, Fig. 3. allows the observation
of pores between the uppermost crvstals while
showing  simultancoushy that they are hacked
Byoan Lpprecable and apparenth continuwous
crvstalline base fitm. There are tiny pits (approxi-
matehy 50 A in diameter) on the surface of this
film which are unexpluined. but winch appear at
higher magnification as it they resulted trom some
sort o submicroscopic spalling process. Close
examination of the oranal photographic plate
of Fig. 3 reveals sites which could be taken as
pores between grans i the base film, although
it cannot be ascertamed that these “pores™ do in
tact extend through the hlm body . Tt can be stated,
howeser, that if pores exist here, they e below
S0 A diameter.
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th) 15 minutes in 316°%C furnace
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td) 2 hours in M6 furnace

b 1 - Tron onide hlms produced by vanens beaning exjanure
on the intensor of capsabes contamng disnlled HyO) Orynnal magm:
ficaton AO0HX




P U R

- . wa

-

.‘ N .\.

¥

D a4 \
’ L ,,‘ 3 « ot -‘%-\-- .

JONES AND BLOOM

Fig. 2 — Area of good crvstal development on H,O wenerated iron oxide film
after 15 minutes w. 316°C turnace. Orynnal magmbcation 66.000X.
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IRON OXIDE FILMS FORMED
IN 1.5% LiOH AT 316°C

While macroscopic inhomogenity of the oxide
layer on some specimens was encountered in this
series of experiments, a very definite trend in the
mode of oxide formation on the microscopic
scale  with increasing periods of heating was
observed. Figure 4 shows stripped oxide films
from capsules exposed to 1.5% LIOH at room
temperature (Fig. 4(a)) ana then heawed 15
minutes (Fig. 4(b)), 30 minutes (Fig. 4(¢)), or 2
hours (Fig. 4{d)) at 316°C. The oxide film in
Fig. 4ta) differs from the one produced with H,O
uncer e same conditions primarily by the pres-
ence of two distinct types of particulate matter,
the first being small quasi-rectangular crystals
which very unusual contrast and occur
randomly or in “patches,” while the second con-
sists of spheroids of unitorm contrast which
appear in groups arranged in clusters or strings.
Platinum-carbon preshadowed replicas of this
surface, Fig. 5. show that these are indeed rec-
tangular crystals which rise above the oxide surface
and that in each crystal there are sections which,
as indicated by the crystal's “shadow,” are as thick
as the rest of the crvstal ana vet are quite trans-
parent. The explanation of this phenomenon is
not known. It can also be seen from the micro-
graph that the specamen surface between the
crystals an this case 1s very granular. Selected
area diffracnon trom a sector densely populiated
with these crvstals on another unshadowed film
gave difracton patternis which, although they
were obscured by high background intensity,

have

contamed the hines bisted an Table 1. I it were
not for the presence of the 2.21-A line, this
pattern could be indexed on the spinel structure
ot magnente. Both the ithium substiuted spanel,
LabesQ, and gamma terme oxide, y-Fe O, pive
diffraction patterns of the same general “spinel
tpe” as FesOy except that extra hines, amony
them the 2221-A ane, appear. The relative intens-
v of these teflecnons compared 10 the major
hines v very low, however, and 1t s unbikeh that
they would be visible i a tunt diftracnon pattern
such as this, Tt was also observed that (he crvstals
i question were never found on oxade fims which
had been heated to 316°C This would predude
Libe,Op and y-be:()y, ance both are mmsoluble
and stable over these temperature tanges. in a

discussion of the oxides found at an iron alkaline
electrode, Mee (9) has pointed out that a-FeOOH
was a possible source for an unexplained 2.22-A
peak observed there. The cohditions within our
capsule specimen are suitable for the formation
of this hydrated oxide. It is also noteworthy that
this compound decomposes to FesOq on heating,
which would explain the disappearance of the
surface crystals as the specimen is brought to
temperature. The finding that none of the
other three strong lines (4.18 A, 3.36 A, and
2.69 A) of a-FeOOH which would be distinguisha-
ble from the FesOq pattern is disquieting, but with
diffraction trom very thin films of this so1.. it is
not uncouiiton fr lines, perhaps because of
orientation or crystal shape effects, to be absent.
From these considerations it was concluded that
the rectangular surtace crystals found on oxide
hlms formed in 1.5% LIOH at room temperature
were probably a-FeOOH.

Spherical particles of ‘he type seen in Fig. 4(a)
have been previously otserved to form on iodine-
methanol stnpped magnetite films after the
separated films had been exposed for short
intervals to air (10). Figure 6, a platinum-carbon
preshadowed replica of the oxide film on an un-
treated section of tubing which was stripped after
the shadowing process had been performed.
supports the idea that the parucles are produced
after (or perhaps during) the stripping siep, tor
while the teatures of the base hlm, which sull
adheres 10 the vephaa, are shadowed, the spheres
themselves are not. These particles gave poorly
defined selected area diffracuon patterns which
could not be posively dentified, although they
appeared to be trom FesOo. There s no apparent
part taken by the sphencal parudles in the oxida-
ten processes of the hlm as a whole.

After 15 minutes heating, Fig. 4{b), well-
developed. very opaque crvstals are found wideh
dispersed on the oxide surface. Two forms are
1o be seen, one square and the otler hexagonal.
Shadowed 1ephcas of this surtace indiate that
the two tarms are of approximately equal thick-
ness (ahout 1 micran) and that the wquare-hased
crvstals are about as thick as they are wide. und
are presumabhy cubic. The appearance of the um
rstalhites 1 the base film here s somewhat
altered m comparison to thew appearance in hims
obtained with HyO) under the same conditions
thig. 1thy). Nonetheless, selected area diffraction
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Fig. 5 — Platinum-carbon preshadowed replica of crystals on the surface of an iron oxide
filin after 24 hovrs at room temperature n 1L5% LIOH. Original magnihcation 16,000X.

Taste |
Comparison of Diffraction Patterns of Anomalous
Cryvstals Found on Oxide After 24 Hours in
E5% 1iOH at Room Temperature and Fe Oy

Anomalous Crystals FeiO (ASTM 11-614)
d(A) | Est Int d (A) I/1°
4.85 40
2.94 MW 2.966 70
2.50 1S (diffuse) 2.530 106
2419 10
221 MW
2.9 w 2.096 70
1.70 M 1.712 60
1.61 w 1614 85
147 §S (hiffuse) 1 483 85
- — . ———

patterns of this oxide film, as well as those ex-
hibited by flms produced by more prolonged
heat treatments, showed only magnetite reflec-
tions. The large surface crvstals are too thnck for
penetration by 100-kV electrons and  should
contribute little to the pattern.

After 30 minutes at 316°C, Fig. 4(0). surface
coverage s more complete, with the overlying
crystals starting to form semicontinuous lavers,
A considerable degree of orientation between
neighboring crystals s often noted in these upper
lavers. Such areas must result from some unde-
fined substrate ceffect. Gulbransen, ef al. (11) have
reported “lines of growth™ for iron oxide crystals
produced at low oxygn pressures and have suy-
gested that they are a function of the substracture
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Yig. 6 — Platinum-catbon preshadowed replica of an iron oxide film stripped
from an untreated steel tubing “blank.” Original Magnification 16,000X.

of the metal grain. Capsules heated 2 hours at

316°C yield oxide flms where the degree of

coverage by the upper crystals is stll greater.
The crystals themselves are somewhat larger. As
seen in Fig. 4(d), however, cracks and voids do
exist between individual crystals. Oxide films from
specimens heatedi much longer than about 2 hours
in 1.5% LiOH are too thick tor effective study
by transmission electron microscopy, but, if films
from heating exposures of as much as 24 hours
are scanned, hssures and “thin spots” can be
founa through which the remnants of the base
film can be discerned.

The identihcation ot the electron  opaque
crystals of the upper oxide surface was approached
through the techrique of extraction replication.

This procedure is depicted schematically in Fig. 7.
After a supporting layer ot carbon has been evap-
orated onto the specimen surface, the intervening
oxide film is dissolved in approximately 4-N HCI,
allowing the carbon film, which retains a certain
number of oxide particles, to float to the surface of
the acid solution. The extraction replicas were
washed in distilled water and then methanol betore
being mounted on microscopy grids. An electr:; :
micrograph of iron oxide grains extracted in thig
way (Fig. 8), shows that the particles have been
diminished and thinned by the dissolution action
of the acid. Selected area diffraction patterns can
now be obtained from many of these thinned crys-
tals; they show, as in Fig. 9, that the particles are
indeed single crystalline.
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(a) Specimen surface
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«— CARBON FiLM

(b) Evaporated carbon layer on surface

_EXTRACTED CRYSTALS

M

M

(¢) Carbey laver and extracted particles

atter ca. 4 N HCI antack

Fig. 7 — Representation of the arbon extraction replica method

Fig. R — Carben film and extracted surface crvstals from a 1.5% 1LIOH

generated wwon oxide film atter 2 hours in 316°C turnace. Omrinal
maghcinon YOOX.
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Fig. 9 -- Selected area diffraction pattern
from extracted surtace crystal

TABILE 2
Identification of Surtace Crystals Extracted tfrom
Iron Oxide Films Produced in 1.5% L1OH at 316°C.

13

The surface crystals from iron oxide films
generated in 1.5% LiOH at 316°C with increasing
periods of time were examined in this way. The
Andings from these experiments are summarized
in Table 2. Particles of a distinctively different
appearance were also occasionally observed.
Their selected area diffraction patterns agreed
well with the pattern given for iron carbide, FeC,
(ASTM 3-0411), and they were dismissed as arti-
facts. No particular orientation was shown by
either the spinel or low temperature LiFeO,
crystals, with diffraction patterns tfrom most of
the common diffraction planes being found.

To ascertain whether the spinel was the lithium-
substituted spinel, LiFesOx, or magnetite, samples
of the stripped films were submitted for trace
analyses as to the relative amounts of lithium and
iron present. These data are given in Table 3.
Since the specimen areas from which the oxide
films were obtained were approximately equal
(certainly within the ratio of 2 to 1), it seems likely
that the great increase in the amonnt of iron
detected after 30 minutes heating over that found
after 15 minutes heating corresponds to the
drastic thickening of the oxide film by the forma-
tion of an overlayer of thick crystals as cbserved

Duration | in the electron rcroscope. If so, the bulk of the

N YN & 1 . . . B .
of Heat Treatment | ¢TYs6! Compound ldentified oxide at 30 minutes consists of the opaque spinel
crystals in question, and, if thev are indeed
2 hours Spinel LiFesOx, approximately 2pg of hithium should be
924 hours L. T. LiFeOy plus spinrel present. The sensitivity of the lithium test was
g sufhaently  gre: at this amount of lithium

9 months L T. LiFeO, ufhciently ¢ cat that thi _amount of lithi
should be easily detected. Since no lithium was

Tanie 3

Analysis for Lithium and ITron Present in Stripped Iron
Oxide Films Produced in 1.5% 1iOH 2 21670

Duration of Heat Treatment Lithium | Iron X iFe )
(uR) (#g) {Weight Ratio*
24 hours (at room teinp.) — - —_
5 minutes _ ! —_
30 minutes - 79 —
I hour — 54 —
2 hours trace 100 —
4 hours — 14 —
24 hours 3.f 36 0.097
2 months 12.5 112 0.112

*Weyht rato LaiFe tor LT FiFe(h, 0 124, tor LiFed(Oh, 0.025
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found, it was concluded that the spinel phase
could not be LiFe;O0x and that it was probably
therefore Fe;Oy. Although these analytical experi-
ments were cursory in nature, two phenomena
were obrerved which should perhaps be invesu-
gated more fully; these being (a) that whilc ihe
ratio of lithium to iron appreaches stoichiometry
tor L. T, LiFeQy 2w excess of iron remains in
the film even after two months at 316°C, and (b)
that there appears to be definite thinning of the
oxide film somewhere between 2 and 24 hours
heat exposure,

IRON OXIDE FILMS FORMED IN
LiOH/EDTA SOLUTION (pH 11) AT 316°C

The macroscopic appearance of the inmerior
walls of the capsules wis quite good, with a uni-
torni. well-developed oxide film in evidence atter

only 15 minutes heating. This perfection was
duplicated at the microscopic level as can be
seen in Fig. 10 where the same time sequence of
oxide formation as used for the two previous
evaluations is shown. The oxide ilm on a capsule
(Fig. 10(a)) allowed to stand overnight in contact
with the LIOH/EL T'A solution is it general similar
to the oxide film f..and under the same conditions
with distilled water or 1.5% 1L1OH. Once the
capstle is subjected 1o heating, however, this is
no longer the case. After jusc 15 minutes at 316°C
the metal surfuce (Fig. (b)) has hecome -xten-
sively covered with a coherent laver of intimaiely
bound crystals. The speed with which this film
develops is demonstrated by Fig. 11, which shows
an oxide hlm trom a capsule withdrawn after
only 5 minutes in the furnace. At 30 minutes
heating (Fig. 1)) the size of the individual
crystals making up the layer has increased to

Fig. 1t — lron oxide him produced by HOH EDTA (pH 1D soluton after

5 mnutes in 310’

furnace Oryanal magnthcation 30 000X
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approximately one micron, and the boundaries
between crystals are plainly visible. If an aperture
that selects a very small area is used, so that the
greater part of the field is taken by a single
crystal, very good single crystal diffraction pat-
terns which can be indexed on the FesOq spinel
structure are obtained from the film at this point
of development. Figure 10(d) shows the oxide
film after 2 hours heating. Note that the oxide
grains are once again siualler. At 24 hours, the
film is somewhat thicker, but stll transparent
to 100-kV electrons. Its appearance is virtually
the same as at 2 hours heating.

All of the oxide films prepared with LiOH/
EDTA solution gave excellent polycrystalline ring
patterns (Fig. 12) with sharp, homogeneous lines
and no indication of crystal orientation. The
interplanar spacings measured from Fig. 12 and

those obtained by Cohen, et al. (6), for magnetite
films produced by gaseous oxidation of freshly
reduced iron are compared in Table 4. In both
instances the oxide film was stuipped in 1,/MeOH
solution. The excellent agreement shown in this
comparison indicates that the film produced from
the LiIOH/EDTA solution under the conditions
of these experiments is FesO4. Some lines (shown
in parentheses in Table 4) which are forbidden
by the space group requirements of magnetite
do occur; however, these reflections are commonly
reported ter Fea()y films and are usually ex
plained as resulting from double diffraction (8).

CONCLUSION

Three distinct trends in surface oxide film
growth have been observed tor the three differem

Figx 12 — Eletron diffracvon pattiern from an sron oxide Alm produced
by TAOH FDTA (pH Th soluvon after 30 minutes 1in &% furnace
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TasLE 4
Comparison of Electron Diffraction Patterns
from Oxide Films from 1LiIOH/EDTA
Solution and from Fe;O4 Film
Formed by Gaseous Oxidation of lrcr (6)

Film Film Spinel
from I(est)| from |l/I° lr‘::icx
LIOH/EDTA FesO,
1. 48] A S 481 A | 25 111
2. 4.17 VW | 4.20 4 (200)
3 2.95 S 2.97 10 220
4. 2.52 A'A 253 100 31
5. 2.41 M 2.43 20 222
6. 2.10 S 2.09 25 400
7. 1.92 w 1.92 8 331
8. 1.87 w 1.87 6 (420)
9. 1.71 MS 1.71 25 422
10. 1.61 S 1.62 40 { 333, 511
11 1.48 S 1.48 50 440
12. 1.42 MW | 1.42 13 531
13. 1.40 w - - (600)
14. 1.33 M 1.32 i3 620
15. 1.28 MS 128 20 533
16. 1.26 w - - 622
17. 1.21 M 1.21 17 444
18. 1.18 MW | 1.17 13 1551, 711
19, 1.16 vw - - (640)
20. 112 M 1.12 20 642
v 21. 1.09 MS J 1.09 25 | 553, 731

test solutions. These mayv be described succinctly
in the following manner.

With H:Q. the semiamorphous magnetite him
present on the capsule wall atter the oveiaght
cquilibraung period begins o crvstallize when the
capsule is lowered into the turnace. The degree
ol crvstallinity and thickness of this iilm increases
with ume; however, after about 15 minutes in the
furnace. discrete crvstals begin to appear, usually
tn dlusters sparsely distributed over the oxide
surface. With longer nmes at 316°C, the “growth
areas” tor the surtace crystals increase in size
and number, and the individual crystals them-
schves in uze, so that the thickness ol the surface
crvstal film at a given spot bevomes greater. The
base film remains relativel unchanged, and the
averlving surface crvstal hlm begins to make up
the major part of the composite film. Selected
arca diffiraction patterns from fiekds containing

large - 1mbers of surface crystals frequently are
single-crystalline simple arrays, indicating that
the crysuals grow in an oriented manner. The
growth areas for these crystals are localized for
short times of heating and are often sharply
delineated. Both of these observations are indic-
ative of epitaxial growth of the surface crystals,
presumably on the surface oxide film, which may
itself be in epitaxial relation with the underlying
metal. Even after 24 hours at 316°C, the composite
oxide film is not uniform, and many arcas con-
sisting primarily of the base film only can be tound.
The major mass of crystals has a diameter in the
1000-A region, few crystals exceeding 2000 A.
All diffraction patterns from films generated in
H;O have shown only spinel refiections, ¢ nsistent
with a magnetite fAlm composition.

When the capsule interiors are exposed to 1.5%
1iOH solution, the physical characteristics of the
base film are esse~tially the same as with H,0,
and its chemical composition is once again FesO,,
as evidenced by selected area diffraction, but the
surface crystals which appear as the capsule comes
to temperature are quite different; here they have
very well-defined crysiallographic forms—being
either cubic or hexagonal—and are as large as 1
micron in diameter even at the 15-minute interval.
Selected area diffracion of thinned, extracted
surface crvstals from capsules given 2 hours
heating show that they are spinel single crystals,
and. since @ Li/Fe analysis shows no lithium in
films generated by short heating times, they are
taken to be FesO. Longer heating produces
greater coverage of the speaimen surface, but
localized growth is observed here also, and the
overlving hlm contains delects and does not give
contnuous coverage even atter 24 hours at 316°C.
T'here as apparently a reaction produang 1. T,
LiFeO; which takes place in the oxide hlm some-
ume after approximateh 2 hours heating, as
evidenced by diffracuon patterns trom extracted
crvstaby and anaivocal data concernming the 1i Fe
ratio i the total ilm. No physical change in the
stripped him was seen that could be umiequivocaliy
related to the change in chemical composinon ot
the him.

A most unking phenomenon s obsenved in the
experniments with [JOHEDTA additives: in con-
trast to the situanon with H,O or 1.5% 1i1OH, a
untform. coherent, and apparently continuous
tlm of oxide civsials 18 formed on the speamen
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surface after 15 minutes in the furnace. Although
the individual crystal size decreases somewhat
as the oxide thickness increases, the film retains
its highly desirable characteristics throughout
the heating cycle. Electron diffraction patterns
from this oxide film show very good Fe O, rings
with no indicaticn of crystal orientation. Selected
area patterns tended to be much more often poly-
crystalline than was the case with oxide films from
the other two treatments. Sites of preferential
growth were also absent. These observations were
t.ken as indication that the substrate effect on
oxide film formauon was soinchow reduced by
the addition of LIOH/EDTA.

Considered in terms of what specific corrosion
inhibitive properties are unparted by LiOH and
LiIOH/EDTA additives, these investigatins of the
early stages of oxide film development indicate
that the effect of adding 1.5% LiOH is to produce
a thicker oxide layer of much larger crvstals more
quickly than would be the case with H,O. The
addiuonal thickness of the oxide provides greater
protection for the steel substrate, and the larger
crystallite size would tend to prevent their dis-
placement by water currents as occur in steam
boilers. However, oxide films produced in 1.5%
LiOH solution show preferential growth sites
which hinrider the early formaton of a conunuous
oxide layer, and. even in arcas where the surface
coverage is good, the ilm is observed to be porous
with cracks between the individual (ryvsuals ex-
tending down to the base ilm. When LIOMED T A
additives are used. the hlm produced does not
have either of these faults; 1 s a conunuous,
toherent ilm ot inumately bound magneute
crystals which grows quickly to appredable thick-

ness and which should, from all appearances,
provide excellent protection for the base metal.
The role of EDTA seens to be to reduce the sub-
strate influence on the mode of oxide film growth,
perhaps by some sort of preconditioning. A de-
gree of in-service cleamng was found in the MEL
modc! boiler tests using this additive (3).

Further experiments designed to clarify the
function of organic chelating agents in boiler
water treatments are underway, and the structural
aspects will be followed by techniques analogous to
those. described in this report.

ACKNOWLEDGMENTS

The authors thank Mr. (;. N. Newport who pre-
pared the specimen capsules used here and Mr.
O. R. Gates who performed the analvses of the
ron oxide films.

REFERENCES

L Bloom, M. C. brawr, W A und Kralteld, M., Corroson
18:4011 (1962

2. Bloom, M. (.. Krulteld, M., and Fraser. W A Comrovion
19:3271 ¢ H96h

3 Baolander, B, H.. MEL Report 209 63, June 1965

4. Bloom, M C . and Krulteld, M.} Flertriwhem Soc 104

{No. 5):264 (1937

Vernon, W H |- Wormwell Foand Nunse 1} (] Chem

Sov 1939:621

Buob, K H. Beckl A Fooand ( shen, M [ Flectrochem

Soc 105:74 (1958

Freld, BOM L und Holmes, D R Corr v 0 B:361 11965

Huaase, O 7 Naturtord A TTA 46 (195

U Mee, P B[ Blectrochem Soc 112:640 (1065

13 Fursey, A Nature 207 (No. 4998): 747 (1965}

1 Gulbransen, b A et al, | Metals 6:1027 (19534)

-~
2

x




Security Classification

DOCUMENY CONTROL DATA - R&D

(Bacurity clasailication of title. body ol abstract and indesing annviation must be entered when the oveall report ie clasailied)

1 ORIGINATING ACTIVITY (Carporate suthor) 20 REPORT SECURITY C LASSIFICATION
Naval Research Laboratory Unclassihed
Washington, D.C. 20390 2» emour .

ashington, D.C. 203K Unclassified

3 REPORY TITLE
AN ELECTRON OPTKIAL SURVEY OF IRON OXIDE FILMS PRODUCED IN H,O,
1.5% 1iOH, AND LIOH/EDTA (pH 11) SOLUTIONS AT 316°C

4 DESCRIPTIVE NOTES (Type of report and inchiaive dates)
An interim report on one phase of the problem.

$ AUTHOR(S) (Laat name, Nret neme. initial)

Jones, R. L., and Bloom, M. C.

8 REPORT DATE 7¢ YOTAL NO OF PASKS 7% NO CF REPD
September 29, 1966 22 pages 11
fa CONTRACT OR GRANT NO. $s ORIGINATOR'S REPORT NUMBENS)
N 0899
, DRI Problem (-05-22 NRL Report 6442
RR 001-01-43-4758
< 1Y) 2'{:‘(n n’non? NOC(S) (Any othe: mambere that! may be aseigned
d

10 AVAILAGILITY/LIMITATION NOTICES

Distribution of this document is unlimited. Copies available at CFST1.

17 SUPEL EHHENTARY NOTES 12 SPONSORING MILITARY ACTIVITY
Department of the Navy
(Oftice of Naval Research)

13 ABSTRACT

i the exploration of steel corrosion mechanisms pertinent to steam power generation,
11OH has been imvesugated as an alkalizing agent to form protecuive oxide films on boiler
walls. Steel capsules treated in three different wavs, (@) with H;0, (b) with 1.5% 1LOH
solution, and (¢) with LIOH/EDTA (pH 11) at 316°C, formed flms which, in the mnial
stages of development, were shown to be FesOu. However, the crystallite size, the degree
of orientation, and the hlm unitformity and continuity, determined by electron micros-
copy and diffraction, varied with the method and length of treatment. The Alm formed
by distiled water showed small (1000 1o 2000 A), oriented crystals with sharply delineated
arcas of growth. When the LIOH solution was used in the treatment, larger crystals were
tormed, but Haws were stll noticeable after 24 hours. With the LIOH/EDTA solution,
the growth ot the crvstals was very rapid, forming a thi-k coherent filim on rthe metal,
which should offer excellent protection against corrosion.

DD .o~ 1473 "

Secunty Classification




-

-

- .

.o

Security Classification

184 XEY WOROS LINK A LINK ® LINK C
AOLE wy L [-19% § "y ROLX wr
Corr n-inhibition
Iron
Electron diffraction analysis
Boilers

INSTRUCTIONS

. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Deperiment of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECUNTY CLASSIFICATION: Enter the over
all security classificetion of the report. Indicate whether
“Restricted Data’’ is included Marking is to be in accord
ance with sppropriste security requiations.

2b. GROUP: Automatic downgrading is specilied in DoD Li-
rective 5200. 10 and Armed Forces Industrial Manusl. Entee
the group number. Also, when appliceble, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title ir. all
capital letters. Titles in all cases should be unclassified
U a meaningful title cannot be selected without ciassifice
tion, show title classification in all capitals in parenthes:s
immediately following the title.

4. DESCRIPTIVE NOTES If appropriste, enter the type of
teport, e.g., intenm, progress, summary, annual, or final.
Give the inclusive dates when s specific reporting period is
covered.

S. AUTHOR(SX Emner the namwe{s) of suthor(s) es shown on
of in the report. Enter last name, first name, middle initial.
If milstery, show renk and branch of service. The name of
the principal author 1y an shsolute mimimum requirement.

6. REPORT DATLE Enter the date of the report as day,
month, year, or morth yesr. If more than one date appears
cn the report, use date of publication.

7s. TOTAL NUMBER OF PAGES: The totsl page count
should follow nosmal pagination procedures, i e, enter the
number of pages conta:ming nformetion

TH NUMBMER C REFERENCES Enter the tolal number of
referencet cited in the report.

8a CONTRACT OR GRANT NUMBEK. If sppropriste, ontev
the spplicable mumber of the contract or grant under which
the report was written

80. &. & 8d PROJECT NUMBFR. lntes the appropriste
military department 1dentilic stion, such as project number,
sudgrojact number, aystem numbers, tash number, sc.

9¢ OL..GINATOR'S REPORT NUMBER(S) Enter the offi- {
ci1a] report number by which the dorumen! will be i1dentified
and comtrollied by the originsting sctivity. Thia number must
be unique to this repurt.

95 OTHER REPORY NUMBER(S): [f the report has been f
ssnigned any other report numhers ‘either by the strginsior !
or by the sponscr). also enter tAis number ). |

Iv. AVAILABILITY LIMITATION NOTICFS Ester any Lime !
itationt on {@wiher dissemination of the report. other then thase;

imposed by security classification, using standerd statements
such as:

(1) *'C Hlified requesters may obtain copies of this
tepust from DDC.''

(2) ‘'Foreign snnouncement and dissemination of this
teport by DDC 15 not authorized "’

(3) ““U S Government agencies may obts:in copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) “'U. S military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(S) ‘*All distribution of this report 1s controlied Qual-
ifsed DDC users shall request through

»e
.

If the report has veen {wrushed 1o the Office of Technics!
Services, Department of Commerce, {or sale to the public, 1ndi-
cate this fact and enter the price, 1If known

1L SUPPLEMENTARY NOTES: Use {or additional explane
tory notes.

12 SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or !abnratory sponsoring (pay
13g fo:) the research and developrmt, Inciude address

13 ABSTRACT: Enter an abstrect giving o briel and fectusl
summery of the document indicative of the report, even though
it may slso appear elsewhere 1 the body of the techaical re-
port. [f additions) space i1s required. a rontinystion sheet shall
be attached

1t 33 highly denirable that the ebstract of cless:fied reports
be urclessified Each parsgraph of the sbatrect shall end with
an indication of the military secursty classification of the in-
formation 'n the parsgraph. represented 88 (TS (3: (C1 or (L

There 13 no Limitation on the length of the adstract How.
ever. the suggeated length 18 from 150 12 225 wonds

14 KEY WORDS' Ker words sre technically mesmingful terms
or shurt phteses thet charactenize 8 report end mey be used o8
index entries for catsloging the report  Key words must de
sele-ted so tha! no security classtfication 13 requi—~>d ldents
lters, 2uch o3 equipment madel des.gnation trede name. wilitery
project c ode name. geogrephic location. way be used ar Loy
worde byt will be [sllowed by on indicstion of techailsi con-
text  The sssigmvent of Iinks. ales. and weights 1t >ptions!

D)

Security Classification




